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SOMA EXPERIMENTAL RESULTS
Anechoic' Chamber DF and Signal Copy

Single Source with Multlpath (fo = 1200MHz)
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SOMA AND WIRELESS COMMUNICATIONS
INCREASING CAPACITY AND QUALITY

1..-

Summary of Key Points

• Benefits from implementation of the SOMA system include:

o significant improvement in full-duplex communication link
1_ capacity and quality by establishing spatio-frequency

channels which
- allow multiple wireless units to occupy the same

frequency band at the same time
- make more efficient us. of transmitter power and better

received signal quality by beamforming on transmit
- and increase signal-to-nois. ratio (SNR) and decr.ase

cochanne' interference at the base site by smart
beam/orming on receive

o elimination of dead zones within service areas
o elimination of Doppler frequency offsets due to relative

transmitter-receiver motion
o decrease infrequency reuse factor in cellular systems~

substantial increase in ca.pacity
o system flexibility allowing dynamic channel bandwidth

allocation.

• SOMA is compatible with both analog and digital modulation,
and furthermore can accomocMt. dual service on the SQme

frequency chtlnnel at the same time!
. • SOMA system modularity allows capacity and quality to be

incrementally Increased to meet demand.

CONFIDENTIAL __ _...,. '.'"
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AP.PLICATION OF SDMA
.

Wlre'ess Communication Systems

FUNDAMENTAL TECHNOLOGIES
FOR

P A

• Frequency Reuse with Time

o Trunking

• Frequency Reuse with Space

o Cellular Architecture

• Efficient Channel and Source Coding

• SPATIAL DIVISION MULTIPLE ACCESS



APPLICATION OF SOMA
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APPLICATION OF SOMA

'f

Wlrel.ss Communication Systems
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APPLICATION OF SOMA
Wlrele•• Communication Systems
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OTHER APPLICATIONS OF SOMA
Wireless Communication Systems

• Commercial air-to-ground communication systems

• Cellular mobile communication systems

• Satellite communications

• Private/Public Land Mobile Radio (PLMRlSMR)
communication systems

• Wireless Local Area Networks (LANs)

• Wireless broadcast systems (e.g., HDTV, DAB)

• Surveillance systems

•••
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MAKING SOMA A REALITY
The Role of a Plon.er's Preference.

• SOMA is a fundamentally new technology which can
significantly increase capacity and enhance quality.

•

'~

'-

• SOMA will "be required to meet the rapidly growing
demand for wireless access.

• SOMA can allow next generation systems to coexist
with incumbant users of RF frequency bands.

• SOMAs efficacy has been demonstrated theoretically
and experimentally.

• A Pioneer's Preference wlll.nable SCI to establish
SOMA in the wireless marketplace.
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SECTION 1. INTRODUCTION

1. Introduction

ArrayComm PROPRIETARY

SDMA·EXp·al·OO1

This report is intended. to document results of initial testing of ArrayComm's SOMA
(Spatial Division Multiple Access) technology performed under Special Temporary Authority
(STA) granted by the FCC on 23 July 1993 (call sign KS2XAG). The pti~e of these
tests was to perform system integration and debugging as well as preli~~rylow-power

demonstrations of the efficacy of SOMA technology.· ...•..
SOMA system integration was completed and initial tests begun. aheaif'bf schedule on

July 23. The initial tests have successfully demonstrated. the abilityio(SDMA technology to
improve the quality and capacity of wireless communications sys~s id'leneral. Though the
tests results described herein were achieved using standard (Ail'e$).alog cellular technol
ogy, SDMA can provide similar improvements for digital fo~,,;;p.lI, since the technology
is modulation independent. While the results may seem ieIP~iVe, more testing is required.
before concrete conclusioDJ with regard to particular aRr~·i6flS can be drawn.

The information cont&iDed in this report and th~·: ....::·.tipe provided herewith are the
property of ArrayComm, Inc. Due to the highly co.mP'ifiiive nature of the wireless commu
nication business, we hereby request the informf.i'toIN~atained.in the body of this report
and the video tape be kept confidential. AJ,:hi::''';'¥\ for general release is provided. in

Appendix B. Ar\CJ!,ii1;.:,
2. Executive Summary :··::·,::t~~:,:·

;::::.'

This report describes the result,':'·::;ht experimentation conducted by ArrayComm,
Inc., of its proprietary and paten~~~~?~Sp·MA technology. Using standard AMPS analog hand
sets and SDMA base station ~p~nt constructed from standard components to Array
Comm's specifications, the~~ of SDMA technology has been demonstrated. In par
ticular, the following im~i":~~ttributes of ArrayComm's SOMA technology have been
successfully demonstr_:'~tj~:::::,,::iW::

• SDMA Signal:,J\.:Jinllain, leading to improved signal quality, lower handset pow
ers, and laE;!:Foverage areas from SDMA base stations compared to conventional
base sta~,.;~:::::,::;:,:,,~,:)

• SDM~~I;"t.i ·demultiplexing, leading to interference rejection and the ability to
rec~;!~ slknals from multiple mobile units on the same frequency at the same time,

-.::::;:::;:.

.~PItA::;'~patial multiplexing, the ability to directionally and selectively transmit RF
e~gy toward intended mobile units to the exclusion of others on the same frequency
at the same time, including users of other systems (e.g., microwave users in PCS
bands), and consequently

• SOMAs ability to simultaneously communicate with multiple mobile units on the same
frequency at the same time from the same base station, independent of modulation

1
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format, thus leading to a substantial improvement in spectral efficiency over current
systems.

The video presentation provided with the report documents each of these points. The
experiments conducted and shown during the course of the video demonstrations are quite
possibly unique. Full-duplex communications between multiple mobile units.and a single
base station on the same frequency at the same time have not been docume,nted anywhere
else known to date. While the ability to do so may be counterintuitive tomOs,i, it is most
assuredly possible. . ..

The applications of SOMA technology are numerous. In general, sUMAis an enabling
technology which, throusJ1 intelligent use of antenna arrays and sta.udarClsignal processing
components, substantially improves the quality, capacity, and. ¢dst,.:;~ffeCtivenessof wire
less communication systems. As wireless becomes a. predomi#~::m6d~ in the worldwide
communications market, the spectral efficiency provided bY::;.,SQi!_-\::technology will be in
ever-increasing demand. ;:;:::g::::~':tit:::;;::;::(:r:

For example, in the implementation of next geDeratio~~tiftems, fixed-cost savings of
between 30% to 70% over nOll-SOMA implementati~:.':~.sible, not to mention the dra
matic reduction in recurriq costs (maintenance). FuIA!ftuore, SOMA technology provides
information to operators of such systems which ~.;::\lr new services to be provided. In
particular, with knowledce of the user's location,::-:"s~8it~tial number of valuable position
rela.ted services can be offered, including dete~_JiBe::the origin of emergency calls, locating
stolen vechicles, and providing other inform.~t-",.vicessuch as the location of the nearest
gas station.:::;'t:::=::k;.,::::t:::::::;:::.

While the fundamental concepts be~:,nMA technology have been demonstrated. and
documented. herein, a substantial amount or:lurther experimentation remains. In the future.
longer range tests will be conducted, .c\:&lle effects of various RF propagation environments
characterized.::;(:t::::;:::;:,·:::;:·

:::::;:, .:;:::::.,

'·:·::::\i~t::·

3. Background

al1~~;~#:~~~au:.:~~~~h~":~'::~:~:~:r.
taneously, being di~~ated on the basiS of loca.tlon by the base station. In a sense, this IS

the ultimate in!N~ re-use; the ability not only to use the same frequency in a.djacent
cells, but to re..-"'~ iii the same cell. By employing smart antennas, users are tracked,
allowing sU~.P.t. reductions in transmitted power from both the base stations and the
portable uDij!. (~uction of RF pollution), in addition to allowing for a completely new class
of POS":::J~la.ted services to be provided to the consumer. In addition, the problem of
coexist~~:'With incumbent microwave users which next generation PCS operators face can
be mitigafM with SOMA technology as indicated in the accompanying figures.

SDMA technology was developed by the principals of ArrayComm while they were affil
iated with Stanford University. ArrayComm is currently attempting to commercialize the
SDMA technology. Since ArrayComm's inception, Mr. Martin Cooper has spearhead the
commercialization effort as its chairman and CEO. Mr. Cooper headed Motorola's entry

2
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in to the cellular, two-way radio, and paging businesses during an illustrious career there.
He has been instrumental in introducing the technology to many of the domestic companies
currently involved in one way or another with wireless telecommunications.

Most of the major companies 'which have been exposed to the technology have indicated
substantial interest in seeing the successful completion of our preliminary test phase. These
companies include Bell Atlantic, BellSouth, GTE Airfone, PageNet, PacTel, GTEMobileNet,
Ameritech, Southwestern Bell, Db Products, Mark Antennas, Watkins-JohnS9P,andothers.
In particular, PacTel and the Bay Area Cellular Telephone Company (B~CtC)~ the local
non-wireline cellular carrier, are cooperating with ArrayComm during t~esetests.

4. Preliminary SDMA Experimentation
'":;',

This section describes some of the preliminary tests of At1:~~ht'S SDMA technology
which have been conducted along with the results that ~"<~~':'obtained to date. The
initial experimental objectives are discussed followed b1:1~J.rview of the experimental
apparatus. While the results are described qua.litati~'i:lb'i:::,ihe most part herein, a video
tape has been prepared and is included with the filiri~'=::tf}:: .

. ".:::~::::~::"
.; .....;;;:.;;:

4.1 Objectives.::::?:::::,:..

During the initial phases of SDMA e~:'i~.-;.:fi~n, the basic objective is to demonstrate
the fundamental principles of SOMA t~~Using standard communications equipment
and protocols. To that end, off-the-shelf A•.Shandsets are used and the system is tuned to
the appropriate US cellular frequenci.,:...Th~:··objective of the initial tests is to demonstrate
the ability of SOMA technology to: ::):i::::;.·::·:·~:::t:::.

1. track multiple users on t.f·~::'~ha.nnel in the same cell,

2. improve signal qUali~.L:C:::·:~ users simultaneously through directional reception,
. if:·· .t~~;l '.:::.

3. directionally tr~erent signals to each user simultaneously on the same fre
quency chann~"~ th*by demonstrating the ability to

4. increase .:'~ty.
Improved sign~~t}'>4s achieved through intelligent signal processing, and demonstrably
increases the.::~jf'~over which signals from mobile units can be successfully demodulated.
Improvedati.~ is a consequence of the ability to simultaneously receive from and transmit
to mullPk,::~bileunits on the same channel (in this case frequency), an ability similarly
a.chievea::~~6ugh intelligent signal processing. Both of these are achievable due to the fact
that the SDMA processor can track multiple cochannel units in real time.

3
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4.2 Experimental Apparatus

SOMA-EXP-93-001

Initial SDMA experimentation employed the following equipment:

1. standard AMPS cellular telephones,

2. 20 dB pads for attenuating signals transmitted by the phones (to simulatelonger-range
transmission) ,

3. antenna array built by Db Products to ArrayComm's specifications,

4. standard cellular transceivers built to ArrayComm's specific~ions by vVatkins
Johnson,

::{::.::::::.

5. ArrayComm's SDMA processor for performing the intepig~nt'$ignal processing re-

quired, . ,,::'\:{:!:.:.;::::('
6. an audio processing board for performiq StaDd~:\'hs signal processing (SAT

tone filtering, emphasis, etc.) for multiple AMPS4i:i."riWits,
.:;:l(~:~~~~l. ·':::::tit~::·

7. a RF communications analyzer for call initia~:i:::
"':-=::.:':.

8. spectrum analyzers and portable receiv~;:;f~:::;~~sing SDMA's directive transmis
sion ability, and::::::;::';:::::::::::::::::;::::r

9. a network computing environment.!~~~ent control and data storage.
..i:::X·::::::~:::. "X:~*"

A block diagram of the buic syste4:i';ihoWn in Figure 4-1. By employing standard
cellular duplexers behind each element in'::::" aatenna. array, a single array could be used.
The transceivers were constructed wi.tJ)ff-the-shelf RF components, and the interface to
the SDMA transmitters and receiv":::~di;ployedstandard AID and DIA converters. The
receivers are tunable to any 2OO.:"":~uency span in the cellular uplink band (824 MHz

·······..···t .....
- 849 MHz) and similarly th~.Dhlltters are tunable to &Dy 200 kHz frequency span in
the cellular downlink band f ... .·:'.Hz - 894 MHz). This bandwidth encompasses six (6)
contiguous 30 kHz AMPS ~18 and allows the SDMA prototype to perform frequency

:<~. .,,,.

hand-oft's when users ~8::~.
The SDMA receivi:s a.DI transmitters were built by ArrayComm. They were constructed

with standard digit~'.i'processing components; no special purpose DSP chips were re
quired. These 1>o&rilt,DlPlement the spatial multiplexing and demultiplexing functions under
the control of t~Jtprocessor. The audio processing board was constructed using avail
able AMPS s.F8fr.~oces8ing components and has the ca.pability to simultaneously process
four (4) au~':~eI8. The SDMA processor consists of a standard single-board computer
(SBC) Jt.!l..~ .much of the intelligent (proprietary) signal processing is performed. The
operatdt;;;~#.fenaceto the SBC is through an ethernet link to a workstation network not shown
in Figur€fi-l.

4.3 Experimental Parameters

The relevant parameters of the initial SOMA tests are summarized in Table 4-1.

4
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SOMA EXPERIMENTAL APPARATUS
Standard Cellular Phones

-I
•

Antenna Array (B-Elements)

.:;~~~~

,t'f;.p::<---~~~~~~~r---"

HeadsetslSpeakerlTape Decks

Figure 4-1: Block Diagram of ArrayComm's SDMA Prototype System

5
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ttIPEf SDMA P t tSummary 0 ~ ro o;ype xpenmen a arame ers
Frequency Bands 824 - 849 iYfHz

869 - 894 MHz

Initial Frequencies 825.09,825.24 MHz
870.09,870.24 MHz

0.0"

Channel Width 30 kHz IS-3 AMPS

Modulation IS-3 AMPS FM .... ).00"

Portable Units •••••••

Tx Power 8dBm »,,0 .00 .

SOMA Base Station .... \. ....t·

ERP -8dBm .::;....
..,: ::f:::';:;:~·:.:::·

Antenna Height 3.3 m above local teti~.::}\:·:o
........ .........

..:.:}:}:::::l~::. ····~:W:f·

Table 4-1: ArrayComm's SOMA Prot~::System Parameters
··-::::{~i*:.

4.4 Experimental Procedure

Initial experimentation was performed iDt"t\4iinity of ArrayComm's main offices. The
antenna array was mounted on a porta1Wf:i:"~"at a height of approximately 3.3 m above
the local terrain. Up to four handsets h~~Eurrently been employed, each set to the same
frequency channel (channels 3 and/or ~.. in tIN' cellular band) at the lowest possible transmit
power level of 8 dBm by the HP892Qt1o::t~hcellular handset is programmed with a foreign
SIO so as not to interfere with local{:~.iar operations. The SOMA base station transmits
the appropriate SAT tone to ~t~",cha.nnelsactive in the porta.bles at a.ll times during
the test. The initial ran.. ~-m:·:~theSDMA hue station and the handsets were kept less
than 200 m. These r&qel j"~:"scenariOiin which the line-of-sight from the phone to the
array was occluded bY.:!~~.4well as two-story ~ercial~uildiDgs. The initial transmit
powers were less th~26.o;:, per antenna, ensunng a maxImum ERP of -8 dBm.

Signal quality imPiRy,#ent and range extension were first demonstrated using a single
cellular phone. Th~ 'i\o~~was set to 825.24 MHz and its lowest power setting (8 dBm) and
a 20 dB attenua.~:9i.;::~ in the antenna to simulate longer range transmission. Signals
from each of tqeI~i'elements were recorded as a function of range from the base station
as well as the:::qgtifiji of the SDMA processor. From these data, the SDMA processor output
could be c~p~ to the output of any individual element or combination thereof. A longer
range .;:W~::a1so conducted without the 20 dB attenuator by carrying the phone to greater
distanc~,:ffom the array, including occlusion of line-of-sight by trees and buildings.

Capa.city improvement was demonstrated by setting up multiple handsets on the same
channel at the same time, and successfully transmitting signals to and from these mobile
units while they were in motion. While the volumes of data generated by such an experiment
are difficult to include in a report, the video presentation clearly demonstrates this capability.
To further quantify the performance of the system in this regard, a short burst of signals from

6
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the antennas were stored in addition to the outputs of the SDMA processor. Subsequent
data analysis was performed to show the ell improvement possible with SOMA.

To quantify SDMA's directional transmission capability, a single phone was placed on
the air. While keeping the phone stationary, an antenna and RF spectrum analyzer were
used to measure the SDMA base station transmitted power as a. function of a.ngle at the
same range and height as the phone. A second phone was added and the ability to selec
tively isolate users from transmissions intended for others on the same chanp.~lin the same
cell was demonstrated. This clearly demonstrated the ability of the SOM.AP!'ocessor and
spatial multiplexer to focus energy in particular directions to the exclu~ionofothers. This
is necessary, otherwise the SOMA base station's transmission to that'U$~:,w:ould interfere
with similar transmissions intended for other users on the same freq1:1ency~t the same time.

4.5 Experimental Results

4.5.1 SDMA Signal Processing Gain .. "
.·A?:·-

The results of initial SOMA experimentation verify~.'liti.~eedan improvement in signal
quality approximately equal to the theoretical gain ,(IP'@gl;:M where M is the number of
antenna elements in the array) under ideal conditi.:Ji1:i¥hievable in most situations. This
is shown in Figure 4-2 where a mean SOMA~g gain in exceSs of 9 dB is clearly
manifest. l For this experiment, a sample ra.,~9'iti.ti:'lcHz was used, and 512 consecutive
snapshots were collected for the calculation~.,;:Ji··.range.

The upper plot shows the signal-to-~"'::::tiW.OI(SNRs) for the indicated outputs; the
lower plot shows the relative improvem~~~; dB of the SOMA processor output compared
to each of the others. The Mean Single E~"t SNR was computed as the average power
from all eight antenna elements. Thi,/lw'tially accounts for the fact that compared to the
coherent SOMA Output SNR, the iii~.J~mentcan actually exceed the theoretical value in
the ideal case. The Two-Antennq;.:,::~r;itySNR is the SNR which would be achieved using
a two-element diversity schem~~la.r to that currently employed at some cell sites in the
AMPS cellular system. Here, ·~:.::dia.ximum signal strength of the two outer elements 1.26 m
apart is chosen as the refe.;Hi\··;':::;;

Oue to the complfr,ifty·;:.4he RF environment in the vicinity of the array (cars, trees,
etc.), sufficient scatt~ng "las present to substantially perturb the element output powers
which would other~t.~e all been equal. Therefore, as noted above, the SOMA pro
cessing gain ove~.....~~e element depends upon the element chosen as a reference. The

"Minimum/Mazp"'.. SlJMA Gain results from chasing the maximum/minimum single ele
ment output,fI ··t"l~erence. The Diver&ity SDMA Gain is that which would be achieved
over the st~d_ two-element diversity system described above. The Mean SDMA Gain is
the SPMA.·iMprovement over the average power from all eight elements.

A d~~tration of the fact that this improvement is available at greater distances and
when thei is no line-of-sight is shown in Figure 4-2 as well. While the first segment (ap
proximately out to 80 m range) is nearly line-of-sight, the second segment involves power
measurements when there was no longer a line-of-sight to the array. In addition to a stand

lSDMA's processing gain is in addition to that provided by a single antenna element which, as a conse
quence perhaps of elevation shaping, could have 10 dBi gain.

7
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SOMA SNR Improvement vetSl.B Range

-10 ·":~O····· " .

o ....... 00cIidId by.........

.scuAOu~,r.;·):>'~;·~ --1 \ .

...............===::x.J
30

10

SDMA ....... P,acllll ..GIIn~.......

R8I9 (meIIIS)

Figure 4-2: SDMA Signal Processing Gain over Conventional Single
Antenna Output - Test 1
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of tall pine trees, there was a large two-story commercial building occluding the line-of-sight.
The results clearly indicate that the theoretical SDMA processing gain can be achieved in
the presence of such occlusions.

A direct consequence of the processing gain achievable with SDMA is range extension.
As is evident in Figure 4-2, at a demodulation threshold of 12 dB, the range of the cell was
approximately doubled in the presence of a severe RF propagation loss factor (1~ 8). While
the output of the mean or diversity receiver drops below 12 dB, which is fqr the purposes
of this experiment set as the demodulation threshold, approximately 100m from the array,
the output of the SDMA processor is at or above that threshold to n~art1L6 times that
distance. Naturally, the amount of range extension depends on the ptc:>PM~ion loss in a
particular RF environment. For example, when the loss factor reqUces::fo 2.7, the range
can be more than doubled as is evidenced by choosing an appropriate: threshold level (e.g.,
35 dB) in Figure 4-2.2 Recall that for these experiments, both:.ait,~na$ were essentially at
ground level which accounts for the more severe propag&tion:~t#lcy';fnormally experienced
in cellular operations. SDMA processing gain is still eviden.k~:~~~~:bf these effects however.

The ability to detect and demodulate substantiallYJ!;"~::.$i8nals than current single
antenna systems is also demonstrated in Figure 4-3~:J:::':t~~the complex baseband out
put of a single element is compared to the complex$~andoutput of the SDMA spatial
demultiplexer. For analog FM signals in the a1?~::::bf:·noise, the corresponding output
would be a perfect circle whose radius is the rqve<f::.gnallevel (e.g., in volts). The time
derivative of the angle of the complex signal.~:j'i¥-l&.tea to the transmitted voice waveform.
When due to noise, the circle (eye diagram:JIJ.¥l:\W&, the voice waveform can no longer be
successfully recovered and the signal is l.gjfti~:L~ly, the output of the conventional single
antenna base station could Dot be dem~.#d, whereas the output of the SDMA processor
was successfully demodulated.:::::::::}::··

4.5.2 SDMA Spatial Demult~:~/InterferenceRejection
.:.:{:;:::::....:.:::~j\:::.

To quantify SDMA's abili~ld!:~:::.a.tially demultiplex and improve multiple waveforms,
signals from four phones at,.,~iilly distinct aqles were placed on the same frequency
channel, and data were co~-a.nd analyzed. The ability of the SDMA processor to sub
stantially reduce b~~,ibise and virtually eliminate cochannel interference is clearly
manifest in Figure 4-.(. Thtein, received signal power (in dB relative units) is plotted for a
single antenna elem.ttwt: in the lower plot, for the output of all four (4) SDMA spatial
demultiplexer outP.~~~.

To elucida~:si&injtude of the signal quality improvement, the phones were sequen
tially turned .~IJ:·:on under program control. During the first four 7 msec intervals, each
of the four:::.•~ was placed on air individually. Thus, the upper plot clearly shows the
relativ~::J:~~g~··powerlevels of each of the four signals individually. The relative powers
vary oJ~·::J:5::dB. During the fifth interval, all four phones were transmitting simultaneously.
The fact:iat the sum of four constant power (amplitude) signals is no longer constant am
plitude is Clearly seen in this interval in the upper plot. For the purposes of ascertaining the

2Such propagation factors are indicative of suburban and rural environments where larger coverage areas
will be required for pes systems to take hold worldwide.
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Figure 4-3: SDMA Spatial Demultiplexer Output SINR Improvement
over Conventional Single Antenna Systems - Test 1
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